Self-reinforced polyester composites (SRPCs) with light weight, high mechanical properties, good interfacial bonding, and easy to recycle at the end after use have been developed to replace traditional synthetic fiber-reinforced plastics. This study is on fabrication of SRPCs is performed using polyethylene terephthalate (PET) as ma- 
| INTRODUCTION
Plastic composites are light-weight, durable, and very cheap materials amenable for use in wide range of applications. Increasing usage of composites leads to their disposal problems causing pollution to the environment. Considerable quantities of discarded end-of-life thermoplastics are gathering as trash in landfills, marines, and natural environments. [1, 2] Hence, composite materials with improved properties causing least environmental infliction are the present-day mind. [3] Therefore, fabrication of recyclingfriendly thermoplastic composites is gaining popularity among researchers. In fact, there is a growing demand either to improve the existing recycling methods or for reusing existing composites by developing new and intrinsically more suitable composites. Self-reinforced polymer composites (SRPCs) will be an excellent substitute to traditional fiber-reinforced composites as both reinforcing and continuous phase are fully biodegradable and eco-friendly. [4] The
SRPCs have such advantages as high stiffness, high tensile strength, thermoformability, recyclability, and excellent impact resistance at low density because the reinforcement and the matrix are compatible chemically with remarkable interfacial bonding. [5] The waste or scrap materials can also be recycled by melting which mollifies the demand of green composites.
The SRPC was introduced by Capiati and Porter by developing self-reinforced polyethylene composites with different melting point in 1975. [6] Ward and his coworkers also developed similar composites using "hot compaction" technique. Numerous studies were reported on the preparation of self-reinforced polypropylene (PP) [7] and polyethylene terephthalate (PET). [8] Many investigations were made on the mechanical properties of self-reinforced polymethyl methacrylate, [9] polylactic acid, [10] and polyamide [11] composites.
SRPCs can also be produced by the combination of two different polymers, but both polymers should be of the same family of polymeric materials. [12, 13] The main objective was to achieve good interfacial bonding between the reinforcing and matrix giving polymer phases. Zhang et al. [14] studied the tensile strength of low-density polyethylene (LDPE)/ high-density polyethylene (HDPE), and HDPE/PP blends. Zhang et al. [15] assessed the performance of HDPE/ultrahigh molecular weight polyethylene (UHMWPE) prepared by shear-controlled orientation injection molding (SCORIM) technique.
The present aim was to combine polyethylene terephthalate (reinforcement) and polybutylene terephthalate (matrix) to produce SRPCs. PBT and PET are semicrystalline materials of the same polyester family widely used due to their light-weight, low water absorption, resistant to chemicals, biodegradable, heat resistance, and good electrical resistance. Besides, they have high mechanical strength than other thermoplastic polymers. [16] [17] [18] Self-reinforced polyester composites were fabricated using PBT and PET through compression molding technique (CMT) which is a high-volume and high-pressure technique, convenient for molding complex, high strength reinforcements. This method is the cheapest as compared to transfer molding and injection molding, and the scrap is relatively small which has an advantage when working with expensive raw materials. [19] The important step in the design of experiment is to select appropriate control factors. [20] The method developed by Taguchi was adopted as it reduces the number of experiments using orthogonal arrays and reducing the effects out of control factors. [21] Polyethylene terephthalate and PBT are flammable and completely get converted into volatile fragments upon exposure to heat, providing fuel to the flame. [22] APP is an environment-friendly, halogen-free flame retardant, inorganic salt of polyphosphoric acid and ammonia. It is the main ingredient of many intumescent flame retardant systems. It reacts with the carbonaceous compounds to form char which act as an insulating protective layer to prevent further flame spreading. [23, 24] Flame retardant fillers impart flame retardancy character to materials such as coatings, thermoplastics, thermosets, rubbers, and textiles. These flame retardants may prevent, minimize, suppress, or stop the combustion process of materials. They act to break the self-sustaining polymer combustion cycle and consequently reduce the burning rate or extinguish the flame. Present polymer industries have been developing many different types of flame retardants for imbibing flame retardancy in polymers, composites as well. In addition, many of these flame retardants are also appropriate for the enhancing flammability properties of fiber-reinforced composites. Among various kinds of flame retardants, inorganic halogen-free flame retardants are more attractive to polymer scientist due to environmental concerned. Mg(OH) 2 is a metal hydroxide halogen-free endothermic flame retardant which is stable up to 330-340°C. It absorbs heat from the polymer, slowing down the burning rate by releasing water during decomposition which reduces the concentration of flammable gases and hydrogen and hydroxyl radicals in the flame. [25] Zinc borate is halogen-free flame retardant powder, disperses easily, and acts as a smoke suppressant. At high temperatures, it forms a glassy char that resists the flame propagation. It also releases water of hydration which reduces the burning rate. [26] In this study, SRPCs composites were prepared using PET fabric (reinforcement) and PBT thermoplastic (matrix) through compression molding technique through Taguchi method. The processing parameters of CMT like temperature, pressure, and dwell time were optimized as per Taguchi method. Flame retardants Mg(OH) 2 , APP, and Zb were incorporated in the polyester composite to control the flammability properties.
| EXPERIMENTAL METHODS

| Materials
Polybutylene terephthalate matrix (size 3-3.4 mm, density of 1.31 g/cm 3 ) was supplied by HeNan (China). The PET woven fabric (density of 1.35 g/cm 3 ) was purchased from Korea. Mg(OH) 2 and Zb were provided by Sigma-Aldrich (USA). APP was obtained from Yee Young Cerachen Ltd., Korea.
| Composite manufacturing
Self-reinforced polyester composites were manufactured by compression molding technique through film stacking method. [27] Initially, Spray Ease release 200 was coated on the molds then four PBT sheets (300 × 300 × 1 mm) were produced in compression molding machine at temperatures of 215, 225 and 235°C, pressure range of 3, 5, and 8 MPa, and dwell time of 5, 15, and 25 min. Then, arrangement of PBT sheets and PET fabric (300 × 300 × 0.24 mm) was performed in such a way that one layer of PBT sheet was laid over one layer of PET fabric as sandwich structure, and then, the mold was closed and placed in CMT. Then, temperature was raised to the required point and pressure was applied
step by step to prevent the fabric damage. Totally, four layers of PBT sheets and three layers of PET fabric were used to get the SRPCs. The mold was allowed to cool to room temperature.
In the manufacture of flame retardant composites, flame retardants and PBT matrix were mixed by ball milling technique to get uniform distribution of fillers with rotational speed of 200 rpm for 1 hr. Flame retardants were added to SRPCs with weight percentages of 3, 6, and 9.
| Taguchi method
The Taguchi method was employed to study the experimental parameters, analyzing the contribution of each parameter and to determine the manufacturing conditions. [28, 29] The parameters designed are shown in Table 1 , based on the number of factors and levels, a L9 orthogonal array was used to set up the experiments and presented in Table 2 .
| Testing and characterization
| Mechanical properties Tensile test
By tensile test, tensile strength and elastic modulus of SRPCs at room temperature were evaluated. It was carried out as per ASTM D3039 on MTS tensile test machine using MTS 97 kN load cell with a cross-head speed of 3 mm/min. The extensometer was used to measure the elastic modulus of SRPCs.
Flexural test
Flexural test was performed to evaluate flexural strength and flexural modulus of SRPCs at room temperature according to ASTM D790 standards. Universal testing machine of R&B Unitech 50 kN load cell at 3 mm/min cross-head speed was used.
Izod impact test
This was performed at room temperature using Izod impact testing machine of model QC-639F supplied by Cometech, Korea. The specimen size as 75 × 12.7 × 3 mm was selected according to ASTM D256-88 specifications. Impact energy reported in J/m; mean value of five specimens is reported.
| Morphological analysis
The surface morphology of SRPCs was carried out using FESEM, TESCAN (LYRA3XM, Czech Republic). Dried composite sample was mounted on metal stub using double sticky carbon tape and coated with gold for conductivity. These samples were mounted on FESEM instrument at an accelerating voltage of 0.5-30 kV. The micrographs were taken at 100×, 300×, 1,000× magnification.
| Thermal analysis
The thermogravimetric analysis (TGA) of SRPCs was carried out using DSC-TGA Q-600 according to ASTM E1311 standards. The samples weighing 9-15 mg were placed in a platinum sample pan. Test was performed under normal atmosphere at 50 ml/min at of 30-700°C and heating rate of 20°C/min.
| Horizontal burning test
This test was carried out to know the burning time and burning rate of FR-filled SRPCs, and it was performed as per ASTM UL-96 standards. Specimen (125 × 13 × 4 mm) was clamped horizontally at one end, and the other end was kept free. The specimen was marked at three points as A = 25 mm, B = 100 mm, and C = 125 mm from the free end. Flame was applied at the free end for 30 s, then the burner was taken away and specimen was allowed to burn; when the flame reached mark "A," time was noted by a stopwatch. The time was noted until the flame reached mark "B." The time taken to burn the specimen from 25 to 75 mm was considered as "burning time." 
T A B L E 1 Control factors and levels
Control factors
matrix, and SRPCs
The tensile data of PBT matrix, pure PET fabric, and SRPCs are represented in Figure 1 . The tensile strengths of neat PBT, PET fabric, and SRPCs were 39, 111, and 72 MPa, respectively. Tensile strength of SRPCs significantly improved compared to pure resin. From Figure 1 , it can be observed that increasing the temperature, pressure, and dwell time up to the optimum level increases the composite tensile strength. Higher temperature did not enhance impregnation and improve interfacial bonding, but more heat causes matrix thermal degradation and poor interfacial adhesion. [30] The melted (amorphous) matrix and oriented fibers improved the mechanical properties as evidenced by FESEM micrographs. Table 3 shows the strength of SRPCs at varying temperature, pressure, and dwell time according to Taguchi design processing parameters as tabulated in Table 2 . It is clear from results that tensile strength significantly increased up to 72 MPa at 225°C, 8 MPa, and 5 min. The tensile properties attained maximum at that condition because proper temperature, pressure, and dwell time cause the good interfacial bond between the matrix and reinforcement. [31, 32] Similarly, the elastic modulus first increased but followed by decrease with increase in temperature. Figure 2 shows the FESEM images of tensile fractured surface of SRPCs specimens. From this figure, the matrix and fiber interface bonding is observed. The gap is clearly visible between matrix and fiber at 215°C/3 MPa/5 min, which is mainly due to poor interfacial bonding between them. However at 225°C/8 MPa/5 min condition, the surface of fibers melted and formed the co-crystallization along with matrix, so the bonding became very strong between fibers and matrix, and hence, no fibers were pulled out, but at higher temperatures more fibers were pulled out due to poor interfacial bonding of fiber and matrix as shown in Figure 2 . Based on the chemical structure and interaction with matrix, the composite tensile properties vary with different flame retardant additives with the same wt.%. Similarly, in the present study, author used three different flame retardant additives with different combinations accordingly the Taguchi method. Based on chemical structure and combination of the flame retardant additives, it is possible to vary the tensile properties. Incorporation of powder particles into polymer matrix improves the stiffness of the composites due to particles stiffness. However, more percentage of particle addition leads to decrease in the modulus of composites because of the lack of homogeneity (agglomeration under high filler loading).
| Flexural properties
The flexural data of PBT matrix and SRPCs are presented in Table 3 , from which it is clear that the flexural strength and flexural modulus of SRPCs were increased up to 35.41 MPa and 6.85 GPa, respectively, as compared to pure matrix by varying the machine parameters. High temperature and short dwell time (235°C, 5 MPa, 5 min) or low temperature together with long dwell time (215°C, 5 MPa, 15 min) improved the flexural strength and modulus due to enhanced interfacial bonding in SRPCs as reported by.
[31] Table 3 shows that at 225°C, 8 MPa, and 5 min, SRPCs showed largest deflection.
| Izod impact properties
The Izod impact test evaluates the impact strength of PBT matrix and SRPCs composites. Table 3 shows the data on notched Izod impact energy of SRPCs. It is clear that the impact energy decreased when process temperature increased from 215 to 235°C. At 215°C, the impact energy increased to 251 J/cm 2 . Simultaneously, the impact energy of the SRPCs decreased with increasing dwell time at constant temperature. Long dwell time decreases fabric volume fraction (45%) and ability to prevent crack propagation by the reinforcing woven fabric. [33, 34] 
| Taguchi method
For getting best properties in SRPCs, the experimental test results were subjected to analysis of means (ANOM) and signal-to-noise ratio (S/N). The optimal processing parameters were investigated considering the tensile, flexural, and impact properties. The larger-the-better (LTB) characteristics were selected to find out factors that affect the properties, and this was calculated as logarithmic transformation of loss function.
| Mechanical test results
The effect of each factor on the mechanical properties was analyzed by analysis of means (ANOM). Analysis was carried out by calculating the average of the response criteria for each factor level. Figure 3 shows the effect of three control factors on the tensile strength and elastic modulus, flexural strength and modulus, and Izod impact energy. The factor level (blue dots) means are compared with the overall mean (dotted line), and the highest factor value is the best level. The optimized process conditions of compression molding machine for SRPCs are playing an important role for bonding between fiber and matrix. High pressure can make better resin impregnation, short dwell time can prevent material degradation, and long dwell time makes material more brittle. Figure 4 shows the results of the S/N analysis for the tensile strength and elastic modulus, flexural strength and modulus, and Izod impact energy. The optimum factor level set points are the ones with the highest S/N ratio. The optimum combined process parameters to get maximum tensile properties, flexural strength, flexural modulus, and Izod impact energy are according to ANOM analysis.
| Verification of experimental results
Self-reinforced polyester composites manufactured under the optimum conditions were compared with neat PBT to know F I G U R E 2 FESEM micrographs of self-reinforced composite fracture surface after tensile strength the reinforcement capacity of PET fabric. In Figure 5 (a, b, and c), the optimized SRPCs proved superior mechanical properties than neat PBT. The tensile strength and elastic modulus of optimized composite were significantly higher than neat PBT by 110% and 30%, respectively, as shown in Figure 5 (a). Table 4 .
F I G U R E 3 Main effect of plots for mechanical properties (data means)
F I G U R E 4 Main effect of plots for mechanical properties (S/N ratio)
The burning time of Pure SRPCs was 165 sec and for 3, 6, and 9 wt% of Mg(OH) 2 at 248, 260, and 282 s, respectively. For 3, 6, and 9 wt% APP, burning time was 270, 295, and 315 s, respectively. In case of 3, 6, and 9 wt% Zb, the burning taken time was 225, 248, and 255 s, respectively. Increasing the wt% of FRs, the burning time of SRPCs also increased which is an improvement in flame retardancy properties. The burning rate for pure and FR-filled SRPCs is shown in Table 4 . From which it is clear that by increasing the contents of FRs, the burning rate gets decreased as compared to pure SRPCs. Hence, flame retardants effectively retarded the fire. Among these, the best results were obtained with 9 wt% of APP, showing 90% increase.
| Limiting oxygen index
This indicates the flame retardant properties of FR-filled SRPCs. The results are shown in Table 4 . The LOI value of pure SRPCs was 18.8% and for 9 wt% of Mg(OH) 2 , APP, and Zb, these values increased to 23%, 25%, and 21.8%, respectively. It is clear that APP is better than Mg(OH) 2 and Zb in flame retardation of SRPCs. The analysis proves that 9 wt% of APP incorporated in SRPCs increased the LOI by 30% in comparison with pure SRPCs. It can be observed that increasing wt% of Mg(OH) 2 additive decreased tensile strength a little initially which increased further as compared to pure SRPCs. This implies that high amount of filler addition decreases the mechanical properties of SRPCs. Tensile strength decreased due to poor compatibility between matrix and fillers as confirmed by FESEM; in addition, greater amount of additives form delamination and voids inside the composites.
Increasing the wt% from 3 to 6 of APP decreased the tensile strength by 20 MPa as compared to pure SRPCs. More amount of filler addition decreased the mechanical properties of SRPCs due to uneven distribution of fillers during compression molding and particles form agglomeration easily and result in weak interface bonding.
It is also evident from Figure 6 (a) that with the increasing wt% of Zb from 3 to 6, tensile strength decreased by 25 MPa as compared to pure SRPCs due to number of holes formed in composite as confirmed by FESEM.
F I G U R E 5 Verification work of self-reinforced composite mechanical properties Y
Tensile strength decreased by increasing wt% of the fillers, but elastic modulus remained stable. It can be concluded that 3 wt% of Zb provides best tensile strength of about 52 MPa as compared to pure SRPCs.
| Izod impact properties
The histogram Figure 6 (b) reveals that 3 wt% APP and 3 wt% Zb-filled SRPCs have very good impact properties as compared to pure SRPCs. Homogenous dispersion of Zb and APP improves the impact properties of FR-filled SRPCs. It can be observed from Figure 6 (b) that impact properties decreased with the increase in the amount of fillers which may be due to increase in stress concentration as reported by Pi et al. [35] 4.3 | Surface morphology FESEM images of the fractured surfaces of composites specimens after tensile test are shown in Figure 7 . It can be seen in FESEM image (100× resolution) of 3% APP that after adding fillers, more holes were formed, which implies that the bonding of fibers and matrix decreased. FESEM image (200× resolution) of 3% Mg(OH) 2 shows that after filler addition, big gaps are formed at the bonding point of the fiber and matrix which obviously influenced the bonding of the fiber and matrix. Hence, addition of fillers influenced bonding between the fiber and matrix. In comparing with Mg(OH) and APP, Zinc borate showed more interaction with matrix, and there is no fiber pull out and gaps.
| Thermal properties of FR-filled self-reinforced polyester composites
The thermal stability of composites was investigated by thermogravimetric analysis (TGA). Thermal decomposition of FR-filled SRPCs was studied by samples' weight loss with increasing temperature under normal atmosphere. The TGA result of FR-filled SRPCs is shown in Figure 8 .
Self-reinforced polyester composites undergoes two decomposition steps; around 300°C, small weight loss takes place during the first stage, attributed to evaporation of moisture and other volatiles. Actual degradation takes place in the second stage from 350 to 450°C, and due to thermal degradation of matrix, at higher temperature, the rate of decomposition turns slow. Pure SRPCs decomposition is faster than that of FR-filled SRPCs. However, the residual weight of 9 wt% APP is more than other fillers.
| CONCLUSIONS
The present study focused on the manufacture of SRPC and its mechanical, flammability, and thermal properties. Compression molding machine parameters like temperature, pressure, and dwell time optimized through Taguchi analysis method showed great effect on mechanical properties. Among three parameters, temperature had greater effect improving mechanical properties. High temperature with short dwell time and low temperature with high dwell time improved the mechanical properties. Low temperature and low dwell time left more gaps between the resin and fibers due to poor interfacial bonding as confirmed by FESEM. SRPC has high mechanical properties under optimum conditions. The three organic FRs (APP, Mg(OH) 2 , and Zb) at 3, 6, and 9% introduced in SRPCs improved flame retardancy and thermal stability significantly. However, the tensile strength decreased slightly but tensile modulus increased at low percentage of fillers followed by decrease with the increase in percentage of fillers as confirmed by FESEM.
